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Cerium-doped manganite thin films were grown epitaxially by pulsed laser deposition at 720 ◦C
and oxygen pressure pO2 = 1 − 25 Pa and were subjected to different annealing steps. According
to x-ray diffraction (XRD) data, the formation of CeO2 as a secondary phase could be avoided for
pO2 ≥ 8Pa. However, transmission electron microscopy shows the presence of CeO2 nanoclusters,
even in those films which appear to be single phase in XRD. With O2 annealing, the metal-to-
insulator transition temperature increases, while the saturation magnetization decreases and stays
well below the theoretical value for electron-doped La0.7Ce0.3MnO3 with mixed Mn
3+/Mn2+ va-
lences. The same trend is observed with decreasing film thickness from 100 to 20 nm, indicating
a higher oxygen content for thinner films. Hall measurements on a film which shows a metal-to-
insulator transition clearly reveal holes as dominating charge carriers. Combining data from x-ray
photoemission spectroscopy, for determination of the oxygen content, and x-ray absorption spec-
troscopy (XAS), for determination of the hole concentration and cation valences, we find that with
increasing oxygen content the hole concentration increases and Mn valences are shifted from 2+ to
4+. The dominating Mn valences in the films are Mn3+ and Mn4+, and only a small amount of
Mn2+ ions can be observed by XAS. Mn2+ and Ce4+ XAS signals obtained in surface-sensitive total
electron yield mode are strongly reduced in the bulk-sensitive fluorescence mode, which indicates
hole-doping in the bulk for those films which do show a metal-to-insulator transition.
PACS numbers: 75.47.Lx,72.60.+g,71.30.+h,61.05.cj,68.37.Lp,81.15.Fg
I. INTRODUCTION
Hole-doped manganese perovskite oxides
La1−xAxMnO3, where A is a divalent alkaline earth
metal, have been intensively studied over the last years
due to the interesting interplay between charge, spin,
orbital and structural degrees of freedom.1,2,3 Without
doping, LaMnO3 is an antiferromagnetic insulator due
to the super-exchange between the Mn3+ ions.4 In the
hole-doped manganites, the divalent ion introduces holes
by changing some Mn valences from Mn3+ to Mn4+.
The properties of the hole-doped manganites are deter-
mined by the interplay of Hunds rule coupling and the
Jahn-Teller distortion of the Mn3+ ions.5 Their behavior
can be qualitatively described by the double-exchange
model,6,7 describing the interaction between manganese
ions with mixed valences (Mn3+ and Mn4+). The strong
spin-charge coupling via the double-exchange interaction
explains the correlation between the metal-to-insulator
(MI) and ferromagnet-to-paramagnet (FP) transition.
Close to the MI transition temperature TMI an external
magnetic field can reduce the spin disorder and therefore
enhance the electron hopping between the manganese
ions with mixed valences. This results in a large
resistivity drop, called colossal magnetoresistance.8
By substitution of La with a tetravalent ion, like
Ce,9,10,11 Sn,12 or Te,13 instead of a divalent one, some
of the Mn3+ ions become Mn2+ with electronic struc-
ture t32ge
2
g (compared to the t
3
2ge
1
g electronic structure
for Mn3+). Hence, an extra electron may be induced in
the eg-band. Since Mn
2+ is a non-Jahn-Teller ion, like
Mn4+, one might expect a similar magnetic interaction
between the Mn3+ and Mn2+ ions as for the well known
hole-doped case.14
The first attempts to achieve electron-doping by sub-
stituting La with Ce were reported by Mandal and
Das.9 However, they found hole-doping in their bulk
samples. Later on, it was revealed that the bulk
samples are a multiphase mixture which leads to the
hole-doped behavior.11,15 Single phase La0.7Ce0.3MnO3
(LCeMO) thin films have been prepared without any
CeO2 impurities
16,17 regarding x-ray diffraction (XRD)
data. The films showed FP and MI transitions similar to
the hole-doped manganites. Surface-sensitive X-ray pho-
toemission spectroscopy revealed the existence of Mn2+
and Mn3+ valences,14,18 which was interpreted as evi-
dence of electron-doping. However, Hall measurements
and thermopower measurements on comparable samples
showed a hole-type character.19,20,21,22 By Ganguly et
al.
11 it was further questioned whether LaMnO3 accepts
Ce-doping at all. Those authors questioned the reports
on single phase LCeMO-films and claimed the presence
of multi-phase mixtures, consisting of hole doped La-
deficient phases with cerium oxide inclusions. Certainly,
the existence of electron-doped manganites could enable
new types of spintronic devices, such as p − n junctions
based on doped manganites.23 This motivates further re-
search in order to improve understanding of the basic
2properties of those materials.
In this paper we present the results of studies on trans-
port, magnetic and structural properties of LCeMO thin
films grown by pulsed laser deposition (PLD) and their
dependence on deposition parameters, annealing proce-
dures and film thickness. We combine a variety of dif-
ferent characterization techniques in order to clarify the
nature of the FP and MI transition in our LCeMO thin
films.
II. EXPERIMENTAL DETAILS
A commercially available stoichiometric polycrys-
talline La0.7Ce0.3MnO3 target was used for thin film
growth by PLD on (001) SrTiO3 (STO) substrates (un-
less stated otherwise). The target was ablated by us-
ing a KrF (λ = 248 nm) excimer laser at a repetition
rate of 2 − 5Hz. The energy density on the target was
Ed = 2 J/cm
2
, while the substrate temperature during
deposition was kept at Ts = 720
◦C for all films for
which data are presented below, except for sample K with
slightly lower Ts and Ed (cf. Tab. I). The oxygen pressure
pO2 during film growth was varied in the 1–25Pa range
with the aim of yielding single phase films with optimum
morphology. We used a relatively low deposition pressure
as compared to some literature data14,19,23,24 in order to
avoid over-oxygenation of the films. This is important, as
it is known that perovskite rare-earth manganites can ac-
cept a large excess of oxygen via the formation of cation
vacancies, inducing hole-doping in the parent compound
LaMnO3.
25 In-situ high-pressure reflection high energy
electron diffraction (RHEED) was used to monitor the
growth mode and film thickness. After deposition, most
of the films were in-situ annealed for 1 h at T = 700 ◦C
and pO2 = 1bar and then cooled down with 10
◦C per
minute. In the following, those samples will be called
”in-situ annealed“ films, in contrast to the ”as-deposited“
films which were just cooled down to room temperature
under deposition pressure. Some of the samples have
been additionally annealed ex-situ at pO2 = 1 bar in one
or two steps (1st step at 700 ◦C; 2nd step at 750 ◦C; each
step for one hour). Table I summarizes the fabrication
conditions and some characteristics of the LCeMO films
described below.
The surface morphology was checked by atomic force
microscopy (AFM) in contact mode. The crystal struc-
ture of the films was characterized by XRD and by
high-resolution (HR) transmission electron microscopy
(TEM). Transport properties were measured with a four
probe technique, and a superconducting quantum inter-
ference device (SQUID) magnetometer was used to de-
termine the magnetic properties of the samples. Hall
measurements were performed in order to obtain infor-
mation on the dominating type of charge carriers, and
x-ray photoemission spectroscopy (XPS) was performed
in order to obtain information on the oxygen content of
different samples. The valences of the manganese and
# pO2 (Pa) annealing d (nm) c-axis (A˚) TMI (K)
in-situ ex-situ
A 1 no no 100 3.921 –
B1 no 3.905 175
B2
3 no
1×
90
– 250
C 8 yes no 100 3.897 190
D 25 no no 100 3.880 180
E1 no 3.894 210
E2 8 yes 1× 65 3.887 216
E3 2× 3.872 230
F 8 yes no 40 3.879 223
G 8 yes no 20 3.870 232
H 3 (∗) no 100 3.876 260
K 3(∗∗) no no 50 3.894 180
(∗) Cooled in 1 bar O2 without 1 hour in-situ annealing
(∗∗) deposited at Ts = 700
◦C with Ed = 1.75 J/cm
2
TABLE I: Deposition pressure pO2 , annealing conditions,
thickness, c-axis and transition temperature TMI of LCeMO
films investigated.
cerium ions were evaluated by x-ray absorption spec-
troscopy (XAS). XAS measurements in surface-sensitive
total electron yield (TEY) mode and bulk sensitive fluo-
rescence yield (FY) mode were carried out at the WERA
dipole beamline (ANKA, Karlsruhe, Germany) with typ-
ical energy resolutions set between 100 and 400meV.
III. STRUCTURAL ANALYSIS
Figure 1 shows the XRD Θ− 2Θ scans of four LCeMO
thin films A, B, C, D (with similar thickness d = 90–
100nm) grown under different oxygen pressure pO2 =
1, 3, 8 and 25Pa, respectively. Sample C was in-situ an-
nealed while the other samples were ”as-deposited“ films.
According to the XRD data shown in Fig. 1, single phase
LCeMO films were obtained for pO2 ≥ 8 Pa (samples C
and D). For a lower deposition pressure, impurity peaks
of CeO2 appear (sample A and B). The substrate tem-
perature Ts also played a crucial role for the phase stabil-
ity of the LCeMO films. By increasing Ts up to 800
◦C,
CeO2 also appears for deposition pressures pO2 ≥ 8Pa.
Such a behavior was also observed by Chang et al..24 As
shown in the inset of Fig. 1, the c-axis decreases with in-
creasing deposition pressure pO2 . This can be explained
by a decreasing concentration of oxygen vacancies with
increasing pO2 , as it is well known that oxygen vacancies
tend to expand the lattice constants.26
The surface roughness of the films depends strongly
on deposition pressure, as shown by AFM and RHEED
images on 100nm thick films in Fig. 2 for (a) sample C
(pO2 = 8Pa) with an rms roughness of 0.35nm and (b)
sample D (pO2 = 25Pa;), with a much larger rms value of
2.15nm. The RHEED images show strong streaky pat-
terns for the film deposited at pO2 = 8Pa [Fig. 2(a) right],
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FIG. 1: (Color online) XRD patterns of samples grown under
different deposition pressures: pO2 = 1, 3, 8 and 25Pa for
sample A, B, C and D, respectively. CeO2 can be identified
in samples A and B. XRD scans are offset for clarity. The
inset shows a detailed view around the (001) substrate peak
including the (001) film peaks.
an indication of an atomically flat surface, while for
higher deposition pressure [here pO2 = 25Pa; Fig. 2(b)
right] an increased surface roughness results in a com-
bination of weaker streaks, together with the formation
of a 3D RHEED pattern as a result of island growth.
We note that sample C has an extremely smooth sur-
face, showing unit-cell high terrace steps in the AFM
image [c.f. Fig. 2(a) left], which is quite unusual for such
a thick LCeMO film. A similar morphology as for sam-
ple C was observed for all films deposited at an oxygen
pressure in the range of 1-8Pa. For those conditions the
films followed a 2D growth mode, as suggested by the
RHEED and AFM data. Increasing the deposition pres-
sure resulted in an increased step density during growth
due to lower surface mobility, with the formation of 3D
islands. Altogether, we found that pO2 = 8Pa was the
optimum pressure for growing films without measurable
CeO2 concentration, as detected by XRD, and good sur-
face morphology (rms roughness below 0.4nm).
In order to evaluate the relation between CeO2 for-
mation and the substrate induced strain, 50 nm thick
LCeMO films were deposited on (001) STO, (110)
NdGaO3 and (001) NdGaO3 substrates in the same
deposition run.37 Here, we used a deposition pressure
pO2 = 3Pa, in order to obtain a measurable amount of
CeO2. The XRD data showed no discernible difference
in the amount of CeO2 for the different substrates.
The growth and phase stability of some complex ox-
ide materials may depend on the type of termination
layer of the substrate.27 Therefore, we have grown sev-
eral LCeMO films on (001) STO substrates with differ-
ent termination (either SrO or TiO2) in order to deter-
mine whether the substrate termination influences the
microstructure of the films. The SrO terminated sub-
FIG. 2: (Color online) AFM images (left; frame size 5×5µm2)
and RHEED images (right) of 100 nm thick films: (a) sample
C, grown at pO2 = 8Pa, and (b) sample D, grown at pO2 =
25Pa.
strates were obtained by annealing at 950 ◦C, for 1 h in an
oxygen flow, while the TiO2-terminated STO substrates
were obtained by chemical etching in a BHF solution, fol-
lowing the procedure described in Ref. [28]. The results
showed no correlation between the substrate termination
and the CeO2 impurity phase formation. These results
suggest that, for the conditions used in this study, the
level of strain and the type of substrate termination do
not have an important effect on the phase stability in the
LCeMO system and that, most probably, the deposition
conditions (in particular Ts and pO2) are the determining
factors.
Figure 3 shows the evolution of the c-axis with addi-
tional ex-situ annealing steps as obtained from XRD data
for the (001) peak on sample E. As a result, the c-axis
decreased from c = 3.894 A˚ to c = 3.872 A˚. As the a- and
b-axis bulk values for LCeMO are smaller than the ones
of the STO substrate, the observed shrinking of the c-
axis cannot be related to strain relaxation effects (which
would increase c), but most probably to the incorpora-
tion of extra oxygen in the film. As another result of
the annealing experiments, we did not find a correlation
between ex-situ annealing and the CeO2 concentration
in our films. This is in contrast to the observations pre-
sented by Yanagida et al.21 and Chang et al.;24 however,
in their work, much longer annealing times (up to 10
hours) have been used. In our case, samples without
secondary phase stayed single phase regarding the XRD
data. However, while XRD data indicate that films de-
posited at 8-25Pa O2 are single phase, HRTEM analysis
showed evidence for phase separation even in these sam-
ples. The results of the microstructural TEM analysis
are discussed in the following.
4FIG. 3: (Color online) XRD pattern at the (001) peak for
sample E, showing the evolution of the c-axis with ex-situ an-
nealing steps: after in-situ annealing (1), first (2) and second
(3) ex-situ annealing.
IV. TEM
To obtain a better understanding on the relation be-
tween the microstructure and the physical properties of
our LCeMO thin films, a few samples grown at different
oxygen pressure were selected for TEM analysis. Here,
we show results obtained from two films: sample E pre-
pared at pO2 = 8Pa, which appears single phase at XRD,
and sample K prepared at pO2 = 3Pa, containing CeO2
as secondary phase. TEM studies were carried out us-
ing a JEOL 4000EX microscope operated at 400 kV. The
instrument has a point-to-point resolution of 0.17nm.
Planview TEM specimens were prepared by mechanical
polishing of the samples down to a thickness of 30µm,
followed by Ar ion-milling at grazing incidence to reach
electron transparency.
Figure 4(a) shows a HRTEM plan view image of the
LCeMO thin film grown at 8Pa O2 (sample E). Several
CeO2 nanoclusters are indicated by arrows. A more de-
tailed HRTEM image of one of the clusters is shown in
Fig. 4(b). Figure 4(c) shows a TEM plan view image
of the LCeMO thin film grown at 3Pa O2 (sample K).
In this sample, a higher density of CeO2 nanoclusters in
comparison to sample E is observed. Furthermore, the
size of the clusters is also larger (although still within the
nanometer region). The interface between the CeO2 nan-
oclusters and the matrix is better defined in comparison
to sample E.
HRTEM data for the analyzed samples prove the
presence of CeO2 nanoclusters in the perovskite matrix
(LCeMO) and show that CeO2 segregation in the 3Pa
sample is larger than in the 8Pa sample. In case of the
8Pa sample (and for another 25Pa film not shown) the
small total volume of CeO2 clusters made them untrace-
able by XRD. As an important consequence, our TEM
data show that even LCeMO films which appear to be
single phase from XRD data contain CeO2 nanoclusters.
This observation is important, as it has been shown21
that the valence state of Mn in LCeMO is sensitive to
FIG. 4: (a) Planview HRTEM images of (a) sample E grown
at 8 Pa O2; arrows indicate the CeO2 inclusions. An example
of an inclusion [cf. left arrow in (a)] is shown in more detail
in (b). (c) sample K grown at 8Pa O2.
the degree of Ce segregation, which drives the valences
from Mn3+ to Mn4+, even in the presence of Ce4+.
V. TRANSPORT AND MAGNETIC
PROPERTIES
Figure 5 shows resistivity ρ versus temperature T for
samples A, B and E. Sample A was ”as-deposited“ at
pO2 = 1Pa and shows no metal-to-insulator transition
at all. Due to its high resistivity we could not trace out
ρ(T ) below T ≈ 150K. Sample B, grown at 3 Pa (also
”as-deposited“) shows a slight indication of a metal-to-
insulator transition, i. e. a maximum in ρ(T ) at TMI =
175K, with a strong increase in resistivity at T<∼130K,
which can be explained by charge localization. Sample
E, grown at 8 Pa (annealed in-situ) shows a transition at
TMI = 210K.
FIG. 5: (Color online) Resistivity vs. temperature for samples
A, B and E (with deposition pressure pO2 in parenthesis). The
behavior after ex-situ annealing is shown for sample B and E
(B1, E1: without ex-situ annealing; B2, E2: after 1st ex-situ
annealing step; E3: after 2nd ex-situ annealing step).
5For sample E, the evolution of the ρ(T ) curves after two
annealing steps (c. f. Sec.II) is additionally shown. The
TMI transition temperature increases to 230K, which is
accompanied by a decreasing resistivity, presumably due
to an increasing charge carrier density. This observa-
tion is consistent with results obtained by Yanagida et
al.
21 and contradicts the picture of an electron-doped
manganite: Oxygen annealing should decrease the con-
centration of Mn2+ ions, hence, reduce the density of
electrons as charge carriers and therefore lower TMI and
increase resistivity.19 The annealing steps seem to create
more Mn4+ in the samples, and the double-exchange be-
tween Mn3+ and Mn4+ gets stronger, which leads to an
increase of TMI . This interpretation is also supported by
the results from measurements of the saturation magne-
tization (Ms) and the spectroscopic analysis, which will
be discussed further below.
Figure 5 also shows that TMI of sample B increases
more drastically than sample E, even after only a single
ex-situ annealing step. This might be due to the higher
concentration of a secondary phase (CeO2) in sample B
(c. f. Fig. 1), which may favor oxygen diffusion into the
film due to crystal defects.
In Fig. 6 the magnetization M (in units of µB/Mn
site) vs. applied field µ0H at T = 20K is shown for
sample B, measured ”as grown“ (B1) and after ex-situ
annealing (B2). The ex-situ annealing step caused a de-
crease in the saturation magnetization Ms, from 2.93 to
2.40µB/Mn-site, while TMI increased from 175 to 250K.
With the magnetic momentsm =5, 4 and 3µB for Mn
2+,
Mn3+ and Mn4+, respectively, the theoretical value for
the saturation magnetization of electron-doped LCeMO
isMs = 4.3µB/Mn-site.
29 Until now, this value has never
been achieved. However, for the hole-doped manganites,
it is known that excess oxygen increases the valences from
Mn3+ to Mn4+, and therefore decreases the magnetiza-
tion. Hence, the observed decrease in Ms with oxygen
annealing can be explained by the decrease in Mn2+ and
concomitant increase in Mn4+ concentration.
In order to study the dependence of structural, trans-
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FIG. 6: (Color online) Magnetization vs. applied magnetic
field at T = 20K for the as-grown (pO2 = 3Pa) sample B
(B1) and after ex-situ annealing (B2).
port and magnetic properties on film thickness d, four
samples (C, E, F, G with d=100, 65, 40 and 20 nm, re-
spectively) were grown under the same conditions, i.e.,
at pO2 = 8Pa with in-situ annealing. The Θ− 2Θ XRD
scans of the (001) peak in Fig. 7(a) show that with de-
creasing film thickness the c-axis shrinks [see inset]. As-
suming a fixed unit cell volume, this observation might
be explained by increasing tensile strain with decreasing
d, as the bulk in-plane lattice parameters of LCeMO are
smaller than those for the STO substrate. However, as
oxygen vacancies tend to expand the lattice parameters,
an increasing lack of oxygen with increasing d has the
same effect. The transport properties shown in Fig. 7(b)
indicate exactly this lack of oxygen with increasing film
thickness. Sample C, with largest d, shows again charge
localization at low T , while the thinnest film has the high-
est TMI [c. f. inset] and lowest ρ. ¿From magnetization
measurements on samples C, E, F and G we also find that
Ms increases with d [c. f. inset in Fig. 7(b)]. The low-
est saturation magnetization for the thinnest sample G
is another indication for the higher oxygen concentration
compared to the others.
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FIG. 7: (Color online) Comparison of samples with differ-
ent thickness d, grown under the same deposition conditions
(pO2 = 8Pa; in-situ annealed). (a) XRD Θ − 2Θ scans; the
inset shows that the c-axis value increases with increasing d.
(b) Resistivity vs. temperature; the inset shows that the tran-
sition temperature TMI decreases and the saturation mag-
netization Ms (from M(H) data; not shown) increases with
increasing d.
6VI. HALL MEASUREMENTS
In order to determine the type of majority charge car-
riers via the Hall effect, we chose one of our films (sam-
ple H, d = 100 nm) which was deposited at relatively
low oxygen pressure (pO2 = 3Pa) and cooled in 1 bar,
without an annealing step. ¿From measurements of the
longitudinal resistivity ρ(T ) of the patterned film we find
a clear MI transition with rather high TMI = 260K. The
Hall resistivity ρH was measured at T = 10, 50 and 100K
in magnetic fields up to 14T. The sign of the Hall voltage
was carefully checked by using an n-doped silicon refer-
ence sample. Figure 8 shows ρH vs. applied magnetic
field H . The drop of ρH in the low-field range reflects
the so-called anomalous Hall Effect, ρaH = RaHµ0M ,
which is due to spin orbit interaction.30 Here, RaH is the
Hall coefficient for the anomalous Hall effect. With fur-
ther increasing field, the data show the expected linear
behavior of the normal Hall effect ρnH = RnHµ0H with
Hall coefficient RnH = 1/ne and charge carrier density n.
The main feature in Fig. 8 is the positive slope ∂ρH/∂H
at high fields, which reveals the majority of the carriers
to be holes with n = 1.57, 1.60 and 1.78× 1022 cm−3, for
T = 10, 50 and 100K, respectively. This corresponds to
0.94–1.07 holes/Mn-site. The observation of hole-doping
is consistent with the results from transport and mag-
netization measurements discussed above and also with
the spectroscopic analysis, which will be presented in the
following section.
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FIG. 8: (Color online) Field dependence of the Hall resistivity
of sample H. The positive slope at high magnetic field iden-
tifies the majority of the carriers to be holes. The solid lines
are linear fits to the high-field data.
VII. SPECTROSCOPIC ANALYSIS
X-ray Absorption Spectroscopy (XAS) was performed
on LCeMO thin films prepared under different condi-
tions, in order to investigate the relation between the
manganese valences, the oxygen content and transport
and magnetic properties. In total electron yield (TEY)
detection mode only the uppermost 5 - 10 nm are probed,
depending on the electron escape depth, while in fluo-
rescence yield (FY) mode x-ray photons are detected.
They have typical attenuation lengths from 100nm (Ce
M edge) to 200nm (O K and Mn L edge), thus giving
insight into the bulk structure of the samples.
Here we compare two films, D (as-deposited) and G
(in-situ annealed), which were deposited at different oxy-
gen pressure pO2 = 25Pa and 8Pa, respectively. ¿From
XPS measurements we find that the oxygen content of
G is higher than the one of D. This shows that the
higher deposition pressure (for sample D) is not the key
to higher oxygen concentration, but that annealing is
most relevant. Sample G shows a MI transition at 232K
[c. f. Fig. 7(b)], while sample D shows a weak transition
at 180K and charge localization at lower temperatures.
A typical spectrum of the O K edge of LCeMO, mea-
sured in bulk sensitive fluorescence yield (FY) mode,
is seen in Fig. 9 (left). The first structure at about
530 eV arises from transitions from the O1s level to
states, which are commonly understood to be of mixed
Mn3d-O2p character and as being a measure of the hole
concentration.31,32,33 In fact we found that this prepeak
is stronger in sample G, i.e. the more oxidized sample.
The second, rather broad and asymmetric feature at 532
to 537 eV is attributed to La5d (Ce), La4f (Ce) states
hybridized with O2p states. A third set of states (not
shown here) is found at about 543 eV and is widely be-
lieved to derive from hybridization of O2p with higher
energy metal-states like Mn 4sp and La 6sp.31
The corresponding spectrum at the Mn L edge taken in
TEY detection mode is shown in Fig. 9 (right). Both, the
L3 edge at 642 eV and the L2 edge at 653 eV (not shown
here) are strongly broadened, indicating the presence of
a variety of valence states. The most important feature
is the shoulder at 640 eV, which is a clear indication of
divalent Mn, as can be shown by a comparison with XAS
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FIG. 9: (Color online) XA spectra of samples D and G. On
the left side the oxygen K edge (FY mode) is shown with
the prepeak increasing with higher oxygen content. The right
side shows the manganese L3 edge (TEY mode) with different
amounts of Mn2+ for differently oxidized samples.
7data from MnO.34 In Fig. 9 (right) this shoulder is more
pronounced in sample D, i.e., the less oxidized sample.
The relative spectral weight of this feature in combina-
tion with the relative intensity of Mn3d-O2p states taken
from the O K edge is essential to explain the properties of
the different samples. A higher degree of oxidation leads
to a higher relative spectral weight of the O K prepeak
and a lower amount of Mn2+. By introducing more oxy-
gen, more holes are created and the manganese valence
is increased. This finding is further supported by mea-
surements on three additional samples (not shown here),
also showing the effect of film thickness, oxygen pressure
during growth and duration of post-growth annealing in
oxygen.
The remaining issue is the oxidation state of the Ce
ions, which is important for the type of doping. Looking
at the Ce absorption M5 edge both in surface-sensitive
TEY detection mode and bulk-sensitive FY mode, we
found striking differences in the spectral shapes of the
measured spectra, as shown in Fig. 10(a). Cerium refer-
ence data for CeO2 and CeF3 were taken from Ref. [14].
In total electron yield detection mode the edge is identical
to a pure CeO2 edge, i.e. cerium in a Ce
4+ state. How-
ever, when increasing the information depth by switching
to bulk sensitive FY detection,the edge changes drasti-
cally. The FY signal contains contributions from Ce4+
and Ce3+. Note that thermodynamically the reducing
power of cerium is not sufficient for the Mn3+ - Mn2+
transition. The same trends are seen in the FY spectra
of the Mn and O edges. Manganese reference data were
taken from Ref. [35]. In case of the Mn edge [Fig. 10(b)]
a decrease of the Mn2+ related feature at 640 eV is visi-
ble in the FY data, and the edges are broadened towards
higher energies than in TEY mode. This indicates an
increased amount of Mn3+ (642 eV) and Mn4+ (644 eV)
species within the film as compared to the near surface
region. Finally, at the O K edge (not shown here) the rel-
ative prepeak intensity at 530 eV increases with growing
information depth from TEY to FY mode. As this fea-
ture is proportional to the hole concentration, this find-
ing further emphasizes the point that the bulk is more
oxidized than the surface and that the majority charge
carriers are indeed holes.
VIII. CONCLUSIONS
We investigated La0.7Ce0.3MnO3 thin films of variable
thickness, grown epitaxially at different oxygen pressure
pO2 and subjected to different oxygen annealing proce-
dures. We find that thin film growth at low deposi-
tion pressure favors phase separation via the formation
of CeO2 inclusions. For higher deposition pressure, still
CeO2 nanoclusters are found, as shown by transmission
electron microscopy, even for those films which appear
to be single phase in x-ray diffraction analysis. Com-
bining electric transport, magnetization and Hall mea-
surements with x-ray photoemission and absorption spec-
FIG. 10: (Color online) XA spectra of sample D in TEY and
FY mode (scaled to the TEY intensity) at different absorption
edges: (a) Cerium M5 edge; reference spectra of CeO2 and
CeF3 were added for comparison. Please note the mixture of
Ce3+ and Ce4+ in FY mode. (b) Manganese L3 edge. The
FY data are self-absorption corrected following a procedure
by Ref. [36]. Reference spectra of MnO (blue), Mn2O3 and
MnO2 were added for comparison. Please note the missing
Mn2+ shoulder in FY mode.
troscopy we obtain a consistent picture in the sense that
the appearance of a metal-to-insulator transition in elec-
tric transport measurements is always associated with
hole doping and the presence of a mixed system of Mn2+,
Mn3+ and Mn4+, despite finding Ce4+ as a sign of elec-
tron doping. The hole-doped behavior of our films may
be explained by the presence of cation vacancies (due
to CeO2 clustering), which can be occupied by excess
oxygen that shifts the valences from Mn2+ to Mn3+ or
Mn4+. In particular, oxidation states are well reproduced
in the x-ray absorption spectra and fit to the transport
properties. Upon oxidizing the samples, the system goes
towards Mn3+ / Mn4+ as expected, while reducing the
films forms more Mn2+ species. In particular for less ox-
idized films, we find a reduced layer at the surface with
a more oxidized bulk underneath. This explains some of
the peculiarities of this system, namely the discrepancy
between finding Mn2+ and Ce4+ and still having holes as
8majority carriers. Furthermore, this demonstrates that
one has to be very careful in relating surface sensitive
spectroscopy data to bulk sensitive transport and mag-
netization data.
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